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Shock-less dynamics were observed during the ablation phase in tungsten wire array experiments
carried out on the 1.4 MA, 240 ns MAGPIE generator at Imperial College London. This behaviour
contrasts with the shock structures which were seen to dominate in previous experiments on
aluminium arrays [Swadling et al., Phys. Plasmas 20, 022705 (2013)]. In this paper, we present
experimental results and make comparisons both with calculations of the expected mean free paths
for collisions between the ablation streams and with previously published Thomson scattering
measurements of the plasma parameters in these arrays [Harvey-Thompson et al., Phys. Plasmas
19, 056303 (2012)].VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4811385]
I. INTRODUCTION
Wire array z-pinch implosions are efficient and powerful
sources of soft X-ray radiation, producing peak powers of up
to 280 TW1 and yields of up to 1.8MJ. They are used exten-
sively as drivers for experiments in fields such as inertial
confinement fusion,2,3 laboratory astrophysics,4 high energy
density physics, and radiation science.5 An up-to-date review
of the physics of these sources was recently published by
Haines.6
The underlying dynamics of z-pinch implosions have
been studied experimentally over a wide range of drive pa-
rameters. In general, their evolution can be divided into a
sequence of four reasonably distinct phases; initiation, abla-
tion, implosion, and stagnation.7–9 The ablation phase is by
far the longest of the four phases; at 1 MA it has been shown
to account for 80% (Ref. 7) of the total implosion time (the
period from current start to the peak of x-ray output) and
65% at 20 MA.9 During this phase, the wires are heated
and gradually ablate plasma which is accelerated towards the
array axis by the JB (Lorentz) force. The dense wire cores
remain stationary until the start of the implosion phase. The
ablation phase is responsible for a significant redistribution
of the array mass and this redistributed mass sets the initial
conditions for the snowplough-like implosion. It is therefore
important that we properly understand the physics governing
the ablation process.
In our previous paper,10 we presented the results of
experiments investigating the structures formed by the inter-
actions of ablation streams in aluminium wire arrays, diag-
nosed using an imaging interferometry system aligned
end-on to the array. The interferograms captured in these
experiments showed that the electron density distributions
were dominated by networks of oblique shock fronts, formed
by the collisional interactions of neighbouring ablation
streams as they converged towards the axis.
In this paper, we focus on the results of tungsten wire
array experiments. Tungsten wire arrays are used much more
commonly in large scale z-pinch driven experiments and
have therefore been investigated in a great deal more
detail.9,11–14 The dynamics observed in the experiments pre-
sented in this paper proved to be very different from those
observed in the aluminium experiments. The formation of
collisional structures was not observed; instead the electron
density distributions varied smoothly between the ablation
streams and inter-wire gap regions. These observations indi-
cate that the mean free paths (MFPs) for the interactions of
the adjacent ablation streams in these arrays are dynamically
significant.
It has long been known that tungsten wire arrays should
exhibit non-fluid behaviour, especially at early times.14–16
This paper presents both quantitative and structural data on
this behaviour. We present the results of these experiments
alongside calculations of the expected collisional mean free
paths for these plasmas. These results are then discussed
with reference to previously published Thomson scattering
measurements of the plasma conditions in these arrays.17,18
II. EXPERIMENTAL SETUP
The experiments described in this paper were carried
out at Imperial College London using the 1.4 MA, 240 ns
rise-time MAGPIE19 generator. The targets investigated in
these experiments were 16mm diameter cylindrical arrays of
between 8 and 128 equally spaced fine tungsten wires. The
diameters of the wires used varied depending on the specific
wire number of the array, typically falling between 15 and
30 lm. The arrays were purposefully designed to be over-
massed in order to suppress the implosion phase, thus mini-
mising the effects of stagnation radiation on the diagnostic
suite.
The end-on interferometry system used in these experi-
ments was described in detail in our previous publication.10
Fig. 1 contains schematics of the layout of this diagnostic
and the associated imaging optics. The interferometer is
based on a Mach-Zehnder design, with probing beams pro-
vided by an Ekspla SL312P, a pulsed, SBS compressed, flash
lamp pumped commercial Nd:YAG laser system. Typical
pulse durations are 500 ps, which is sufficiently short to
prevent significant blurring when capturing the dynamics of
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wire array experiments; at an ablation velocity of 107 cm
s1, we might expect plasma motion of 50 lm over this pe-
riod. The effective resolution of the analysed data is limited
chiefly by the spacing of the fringes. This spacing introduces
an error in the resulting electron density maps due to the lin-
ear interpolation technique used. The fringe spacing used in
these experiments is a compromise between this resolution
and the ability to resolve separate fringes in the regions of
strong electron density gradients. Overall, the smallest struc-
tures we are able to resolve are on the scale of 100 lm.
Two different wavelengths are used in the interferometer,
the 2nd (532 nm) and 3rd (355 nm) harmonics of the
Nd:YAG fundamental (1064 nm). The design of the laser
optics allows the time delay between these two frames to be
varied between 0 and 24 ns. Typically, the 355 nm frame is
fielded at later times than the 532 nm frame, as the 355 nm
probe wavelength is less sensitive to gradients in the plasma
electron density and thus better at penetrating higher density
plasmas.
The interferograms are captured using standard Canon
DSLR cameras (model numbers 450D and 550D). The shut-
ters of these cameras are held open for the entire duration of
the experiment; the temporal resolution of the imaging
system is therefore set by the laser pulse duration. The
visible-spectrum band-pass filter was removed from one of
the cameras’ CCD in order to allow it to capture images at
355 nm (near UV). In normal photography, this filter protects
the CCD from the unwanted effects of IR and UV radiations.
Fig. 2 shows an example of interferometry data captured in a
32 wire tungsten array experiment.
Analysis was carried out using the method discussed in
our previous publications.10,20 The positions of the fringe
minima were traced for both the reference and experimental
interferograms and this information was then used to con-
struct interpolated maps of the relative fringe shift for each.
The fringe shift produced by the plasma was then obtained by
subtracting the reference fringe map from the experimental
one. This map was converted into an areal electron density
map using a calibration factor calculated using the equations
for the free electron refractive index, and finally, the axially
averaged density was found by dividing this areal density by
the length of the array.
It is important to emphasise the axially averaged nature
of the resulting density map. Previous work has shown that
the ablation rate along the length of each wire core is modu-
lated at a well-defined wavelength (k 0.25mm for W),21
and that this leads to a modulation of the ablation stream
density (typical amplitude 50%).22 Apart from these regu-
lar modulations in density, the overall dynamics along the
array length are uniform, and thus, our axial average should
give a good handle on the overall array dynamics.
Some changes have been made to the method used to
interpolate the fringe maps since our last publication10 on
this topic. Previously, we used a linear Delaunay triangula-
tion method to interpolate the fringe shift map from the
traced fringe positions. This method is best suited to spatially
scattered datasets and is certainly not ideal for interpolating
the contour-like datasets produced by fringe tracing. It pro-
duces artefacts in the interpolated data, particularly in
regions where fringe shifts are small. A modified triangula-
tion method was developed which better fits the contour–like
fringe data. This method was successful in removing the ma-
jority of the artefacts and led to a significant improvement in
the reliability of the resulting data. Although this method
represents an improvement over the previous one, this
change does not impact the validity of our previous work,10
as it does not change the overall geometry of the shock struc-
ture. For comparison, Fig. 3(a) shows the results of this
improved technique as applied to our previously published
32 wire aluminium array data.10
III. REVIEW OFALUMINIUM EXPERIMENTS
In order to put the results described in this paper into
proper context, we shall briefly review the results of our pre-
vious experiments10 investigating the ablation phase of alu-
minium wire arrays.
The interactions of adjacent ablation streams in alumin-
ium wire arrays are dominated by the formation of oblique
FIG. 1. Schematic side-on view of the apparatus used for end-on probing
experiments.
FIG. 2. An example of a 355 nm end-on interferogram captured during a
32 wire tungsten wire array experiment at 140 ns. The results of the analysis
of this image are shown in Fig. 4.
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shock structures. The structure of these shocks can be seen
most clearly in the data from the 32 wire array experiments,
an example of which is shown in Fig. 3(a). Here, a series of
oblique shocks forms a regular diamond-like pattern extend-
ing towards the array axis. Radial convergence of the array
mass appears to be mediated across these shock fronts, with
the density of the flows approximately doubling across each.
The oblique shock structures formed by the interactions of
the aluminium ablation streams are reproduced well by
GORGON23,24 3D MHD numerical modelling.10
The electron density distributions produced by 16 wire
aluminium arrays were characterised by similar collisional
structures, although these structures were more complex than
those observed in the 32 wire data. The major difference in
this case is that the azimuthal separation of the wire cores
are doubled, which also doubles the approach velocities of
the adjacent streams. The majority of the data captured in the
16 wire experiments contained these shock structures,10
however, in one experiment an interferogram captured at a
very early time (107 ns) showed evidence of a different inter-
action regime. Fig. 3(b) shows the electron density map pro-
duced from this interferogram. The image shows no
evidence of collisional structures; no shocks have formed in
the interwire regions, and there is no azimuthal structuring of
the precursor region on axis. This smooth structure was not
observed in interferograms captured at similar times for
32 wire aluminium arrays.
The equations describing the collisional mean free
paths25 of the interacting streams provide a possible explana-
tion for this change of dynamics. The mean free path scales
quadratically with the kinetic energy of the collision and lin-
early with their particle density. The increased approach ve-
locity of the ablation streams in the 16 wire case could bring
the plasma into a non-collisional regime at early times. An
image captured 24 ns later in the same experiment, when the
density of the ablation streams had increased by approxi-
mately an order of magnitude, clearly showed the expected
collisional features. Section VA includes further calcula-
tions and discussions of the mean free paths for aluminium
arrays.
The long mean free path dynamics hinted at in the alu-
minium data are much more pronounced when we change
the wire material to tungsten. Analysis of the structures
observed in this regime form the main topic of interest for
the remainder of this paper.
IV. TUNGSTEN ARRAY EXPERIMENTAL RESULTS
Figs. 3(a) and 4(a) show typical examples of the electron
density distributions obtained from interferograms captured
during 32 wire aluminium and tungsten experiments, respec-
tively. The two interferograms were captured at similar
times, in experiments with similar current drives; the only
change made between the two experiments was the wire ma-
terial. The difference in flow dynamics is immediately
obvious; the tungsten data appears smooth, in contrast to the
shock structures observed in the aluminium data. The transi-
tion between the ablation streams and the interwire gaps in
the tungsten data is gradual and continuous, with no evi-
dence of discontinuities. In the aluminium data (Fig. 3(a)),
the regions of highest density at the edge of the field of view
corresponded to the azimuthal positions of the inter-wire
gaps; these high density regions are produced by the colli-
sion of material ablated directly from the wire cores10 and
are bounded on either side by shock fronts. In the tungsten
array data, the regions of highest density at the perimeter of
the field of view correspond to plasma flowing directly from
the initial wire positions.
As we follow the flow of ablation plasma towards the
axis in Fig. 4(a), we see that the contrast ratio between the
ablation streams and the inter-wire gaps gradually decreases,
until there appears to be almost no azimuthal structure to the
electron density in the region directly surrounding the axis.
Fig. 4(b) shows a pair of azimuthally separated radial density
profiles taken though Fig. 4(a). The paths of these profiles
are marked in plot Fig. 4(a) by arrows at the edge of the field
of view; the black line corresponds to the azimuthal position
of an ablation stream flowing directly from a wire core,
while the red line passes down the middle of an adjacent
interwire gap. The two profiles illustrate how the density
modulation produced by the discrete ablation streams is
smoothed out as the streams approach the axis. At large ra-
dius, the two profiles show a significant contrast in density
between the ablation stream and the inter-wire gap; however,
FIG. 3. Electron density distributions for aluminium arrays. Red spots mark
initial wire positions (a) 32 wire array at 140 ns. (b) 16 wire array at 107 ns.
Collisional structures are yet to form.
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FIG. 4. (a) Electron density map of a 32 wire W array at 140 ns. This data was extracted from the interferogram shown in Fig. 2. Red dots mark the initial wire
positions. (b) Radial line profile taken through the data in (a). The solid black line shows a profile along the centre of an ablation stream, while the red (grey)
line shows the profile along the centre of the inter-wire gap. The positions of these line profiles are indicated by arrows on (a). (c) Azimuthal line profiles. The
radius at which each profile was taken is indicated by the arcs in (a). The profiles were taken about the full azimuth. Each arc is marked with its radius in mm.
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as the streams approach a radius of 3–4mm, the densities
of the two profiles rapidly converge, and inside r 3mm the
two profiles appear to match almost exactly, leaving no evi-
dence of any azimuthal structure to the density distribution.
The process of azimuthal smoothing is further illustrated
in Fig. 4(c). This figure shows a series of density profiles
taken about the azimuth (h¼ 0-2p) of the array, over a range
of radii (r¼ 2–6mm), at intervals of 0.5mm. Portions of the
paths corresponding to these profiles are indicated by the
dotted arcs overlaid on Fig. 4(a); those which correspond to
the range r¼ 3–4mm, over which the majority of the
smoothing appears to take place, have been marked in white.
This figure clearly shows that the process of smoothing
occurs uniformly at the same radius in all azimuthal direc-
tions about the array axis. It also illustrates the speed of the
process. Between r¼ 6 and r¼ 4.5mm, any changes to the
contrast ratio are quite minor; however, between r¼ 4 and
r¼ 3, the change is dramatic. Over this range, the regular az-
imuthal structure almost completely disappears.
Experiments were carried out using 8 wire arrays in
order to further investigate this azimuthal smoothing process.
The main motivation for using 8 wire arrays was that the azi-
muthal separation of the wires in these arrays is much larger
than in 32 wire case. This means there is a significant
increase in the size of the interwire gaps.
Fig. 5(a) shows a typical example of the electron density
distributions seen in the 8 wire results. Fig. 5(b) shows a se-
ries of azimuthal electron density profiles taken through this
data, similar to those shown in Fig. 4(c). At large radius the
profiles of the ablation streams are sharp and well defined;
the regions corresponding to the interwire gaps are almost
completely clear of plasma. The profiles of the ablation
streams at large radius are so sharp that they obscure the
probing beam. This is most likely due to the sharp gradients
deflecting the probing radiation out of the collection cone of
the imaging system, rather than because of any attenuation
in the plasma. The ring of apparent high density seen around
the circumference of the field of view in this plot is caused
by high density electrode plasma expanding from the wire
mounting rings. This plasma does not extend along the
length of the array and is not dynamically important.
Again in this data, we see that as the streams approach
the axis there is a rapid transition to a smooth, azimuthally
isotropic distribution of the electron density about the axis.
In this case, the process appears to take place over a range of
radii r 2–3mm; this range of profiles is marked in white on
Fig. 5(a). Although this radius is smaller than the radius at
which this effect was observed in the 32 wire data, it is not
as small as we might expect given the initially narrow and
focused profiles of the ablation streams.
The azimuthal smoothing was further investigated by
taking measurements of the radius at which the electron den-
sity became smoothed over a range of imaging times and
wire numbers; the results are plotted in Fig. 6. In each case,
the smoothing radius was measured by comparing radial
density profiles like those shown in Fig. 4(b). The point at
which the two lines converged was selected as the smoothing
radius. In some cases, two separately timed interferograms
were captured in the same experiment; in these cases, the
earlier point corresponded to the 532 nm interferogram,
while the later point is measured from the 355 nm interfero-
gram. Inspection of Fig. 6 reveals two broad trends. First, for
each fixed wire number, we see that the radius at which the
profiles become azimuthally isotropic tends to decrease over
time. In particular, it should be noted that this is always the
case when comparing two frames captured in the same
experiment and that these all show the same approximate
rate of radial convergence (dr=dt 3.3–4 104ms1). The
mismatch in timing of this convergence in the two 32 wire
shots shown in Fig. 6 is most likely the result of current vari-
ation between the two shots. Second, we see that increasing
the wire number of the array tends to lead to a larger radius
at which the profile becomes azimuthally smoothed. This is
to be expected, as the separation of the ablation streams at
any given radius increases with decreasing wire number.
The shock-less behaviour described above appears to be
present even in arrays with very large wire numbers, as illus-
trated in Fig. 7, which shows an interferogram and the corre-
sponding density map from a 128 wire tungsten array
experiment.
In Sec. V, we will present calculations of the collisional
mean free paths associated with the interactions of adjacent
ablation streams and discuss the plasma conditions in the
FIG. 5. (a) Electron density distribution for an 8 wire tungsten array at
128 ns. Initial positions of the wire cores are marked with red spots. (b)
Azimuthal line profiles taken from the data in (a). The radius of each profile
is indicated in (a) by a series of labelled arcs. The profiles are taken about
the full azimuth of the array.
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streams which are required in order to explain the absence of
collisional structures in the tungsten interferometry data.
V. INTER-STREAM MEAN FREE PATH CALCULATIONS
The absence of shock structures in the tungsten wire
array data indicates that the scale length for the collisional
interactions between the adjacent ablation streams must be at
least comparable to the widths of the streams themselves. In
order to further investigate these dynamics, we will require
the formulae for the Coulomb collision frequencies.25,26
The Appendix includes a brief overview to these equations
and their scalings. In order to calculate the expected MFPs
for collisions between adjacent ablation streams, we must
first recast the problem to fit the model. In the model, inter-
actions take place between test particles traveling with some
initial velocity and a thermal field of scattering particles. The
collision of a pair of ablation streams must therefore be mod-
elled in the rest frame of one of them, and the velocity of the
test particles is then equal to the approach velocity of the
two streams. The radial flow velocity of the ablation streams
in wire arrays has been measured in previously published
Thomson scattering experiments,17,18 and appears to be rea-
sonably insensitive to the number of wires and the wire mate-
rial. In all cases, the measured velocity was observed to
increase as the stream approached the axis. For 8mm radius al-
uminium arrays, the measured velocity varied from
0.5–1.2 105ms1 over a radial range of r¼ 7–1mm, whilst
for the tungsten arrays it varied between 0.6–1 105ms1.
The similarity of the tungsten and aluminium ablation veloc-
ities (vAbl) is important, as the collisional MFP scales quadrati-
cally with the kinetic energy of the colliding particles
(kmfp / E2). If ~vW ~vAl, then, since the ion kinetic energy is
proportional to the atomic mass (A), EW  ðAW=AAlÞEAl,
which, ignoring any other factors, should result in an increase
in the expected MFP by a factor of kW=kAl ¼ ðAW=AAlÞ2 46.
For the calculations presented below, we used the velocity
seen at r¼ 3–4mm, vabl 107 cm s1.
Assuming that the ablation streams flow radially and
that collisions between the streams occur due to radial con-
vergence, the approach velocity of the two streams can be
calculated based on the geometry of the wire array. This ge-
ometry is shown schematically in Fig. 8 and leads to the fol-
lowing expression for the approach velocity in terms of the
wire number (Nw):
FIG. 6. This plot shows the radius at which the electron density profiles of var-
ious tungsten arrays were measured to become azimuthally isotropic. These
points were measured by comparing on and off stream radial profiles like those
shown in Fig. 4(b). In the case where two points are shown for a single experi-
ment, these correspond to the two separately timed laser imaging frames.
FIG. 7. 128 tungsten wire array data captured at 130 ns. (a) Raw interfero-
gram. (b) Analysed data. No shocks structures are evident.
FIG. 8. Diagram of the collisional geometry for a pair of adjacent, radially
converging ablation streams. The resulting approach velocity is given by
Eq. (1).
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vaðNwÞ ¼ 2vAbl sin p
Nw
 
: (1)
For an 8 wire array, va¼ 0.76 vAbl; for a 16 wire array,
va¼ 0.39 vAbl; and for a 32 wire array, va¼ 0.20 vAbl. It
should be noted that these estimates of the approach veloc-
ities ignore the possibility of any divergence of the ablation
stream flow vectors. Equation (1) corresponds directly to the
situation depicted in Fig. 8; it gives the approach velocity
corresponding to a pair of flows launched from the centres of
two neighbouring wire cores directly towards the array axis,
such that they will collide on axis. This calculation produces
the smallest possible approach velocity. In the case that the
streams are divergent, collisions between the streams will
occur along the centre line shown in Fig. 8, resulting in a
larger angle of incidence between the flows, which will in
turn result in an increased effective approach velocity. In al-
uminium arrays, we have seen evidence of strongly divergent
flows of plasma directly from the wire cores, leading to the
formation of shock structures at very large radius. Since the
collisional MFP scales as v4a, calculations using the velocity
given by Eq. (1) will correspond to a lower limit for the
MFP.
The two streams are assumed to be identical, and thus,
the particles in each are treated identically. The charge of
the ions is written in terms of electron charge (ee) and the
average ionization ( Z), ei ¼ Zee. The electron density of the
streams was taken from the end-on interferometry data. The
ion density was then found by dividing this electron density
by the average ionisation, ni ¼ ne= Z . Substituting these two
relations into the equations for the slowing down MFP (lanbs ,
Eq. (A3), Appendix) results in expressions for MFP in
terms of the electron density (ne) and average ionisation ( Z)
of the plasma. First, we find the expression for the ion-ion
MFP,
linis ¼
1
2wðxiniÞkii
ðmiV2i =2 Þ2
pni Z
3
e4e
; (2)
and second, for the ion-electron MFP,
lines ¼
1
1þ mime
 
wðxineÞkie
ðmiV2i =2 Þ2
pne Z
2
e4e
: (3)
Inspection of these equations reveals the sensitivity of the
mean-free path to both the average ionisation of the plasma
and the approach velocity (va). Functions wðxiniÞ and wðxineÞ
are the “velocity potentials” for the two types of interaction;
this is a normalised parameter which is dependent on the
temperature of the plasmas and tends to decrease as the tem-
perature increases. Functions kie and kii are the coulomb log-
arithms for these interactions. The equations used to
calculate these parameters are discussed in the Appendix
along with a short discussion of their physical interpretation.
An accurate estimate of the average ionisation ( Z) of
these high atomic number plasmas is challenging. Direct ex-
perimental measurements of this parameter have not yet
been made in our experiments, and the densities of the
regions of interest for our calculations are low enough that
we cannot really rely on the results of calculations based on
the assumptions of local thermodynamic equilibrium (LTE).
The methods used in each case are therefore discussed in
more detail in their respective sections. The electron temper-
atures of the plasmas are also not well known. The electron
temperature of the ablation streams has been measured using
Thomson scattering in only a very limited number of experi-
ments, and in those cases the lack of spectral resolution
meant that the results could only be treated as upper limits
for this parameter, ZTe < 100 eV.
18 For our calculations, we
relied on the results of MHD simulations using the
GORGON code, which indicate that temperatures in these
ablation flows should be around Te  10–20 eV.27
Calculations of the slowing down MFP were carried out
over a range of plasma parameters. In particular, we investi-
gated the effects of changes in electron density (ne) and ion-
isation state ( Z) of the plasma. These calculations revealed
that over the range of plasma parameters considered in this
paper the MFPs associated with the ion-ion interactions were
dominant, being at least an order of magnitude shorter than
those corresponding to the ion-electron interactions. As a
result, for the sake of clarity, the ion-electron MFPs have not
been included in the plots.
A. Calculations for aluminium arrays
Calculations of the collisional MFPs for aluminium
arrays were carried out in order to provide a point of compar-
ison with the tungsten results. For the aluminium array cal-
culations, we estimated the ionisation state of the plasma
based on polynomial fits taken from Post et al.28 These fits
are based on calculations using an average ion model in
which the plasma is treated as optically thin and the popula-
tions are determined by balancing the rate of collisional ion-
isation against the rates of dielectronic, radiative, and three-
body (collisional) recombination. While it is not strictly ap-
plicable to the regime of this problem, it was felt that this
model would provide a more accurate result than that
obtained by solving the Saha rate equations. For the follow-
ing calculations, we used a plasma temperature of 20 eV and
a Z of 3.5 (this is probably the lower boundary of possible
Z). For the sake of simplicity, we assumed that the plasma
has had time to equilibrate and therefore have modelled the
plasma with a single temperature.
Fig. 9 shows plots of the variation of the ion-ion MFP
(Eq. (2)) with electron density for aluminium arrays with 16
and 32 wires. The calculations were performed using
Z ¼ 3:5; changes to this parameter will scale these plots as
Z
3
. The plot can be used to explain the changes in colli-
sional dynamics seen at early times in the 16 wire data.10
The lowest inter-stream electron density measured in the 32
wire data was 1017 cm3, which, as Fig. 9 shows, corre-
sponds to a MFP of 100 lm. Since shocks were observed
in this experiment, we can use this value as an upper bound
for the MFP required to trigger shock formation. Changing
to a 16 wire array, the effective approach velocity for
collisions between the neighbouring streams doubles (see
Eq. (1)), resulting in a 16 fold increase in the ion-ion MFP
due to the v4ap scaling (Eq. (2)). The MFP for a 16 wire array
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with ne¼ 1017 cm3 is therefore 1mm, an order of magni-
tude larger than the upper bound for the formation of shocks
that we took from the 32 wire data, and comparable to the
width of the ablation streams themselves. This explains the
absence of shock structures in the data captured at early
times for 16 wire arrays (see Fig. 3(b)). As the electron den-
sity increases towards 1018 cm3, Fig. 9 shows that the
MFP should approach 100 lm, which is consistent with
our observations of shock formation at later times in 16 wire
arrays.10
B. Calculations for tungsten arrays
The Post model,28 which we used in Sec. VA to esti-
mate Z for aluminium, cannot be applied to our tungsten cal-
culations as the expected plasma electron temperature (Te)
lies well outside the range of the tungsten polynomial fit
(Tmin¼ 100 eV).28 An alternative approach to estimating the
ionisation state of the tungsten plasma is to solve the Saha
rate equations. For a tungsten plasma with an electron den-
sity of 1018 cm3 and a temperature range of 10–20 eV (Ref.
27), this method predicts Z  7.2–12.5. It should be noted
however that the low density and temperature of the ablation
streams means that this LTE model is likely to overestimate
the ionisation state. Inspection of the ionisation potentials of
tungsten29 reveals that the ionisation potential required to
take W ions from Z ¼ 12 ! 13 is 258 eV, making the top
end of the estimate range seem particularly unlikely. Due to
the difficulties in accurately estimating the ionisation state of
the plasma, it was decided to make plots of the variation of
the MFP over a range of Z . The results of these calculations
will be compared to the experimental results in order to esti-
mate the range of Z consistent with the data.
Fig. 10 contains plots of the ion-ion MFPs for 32 wire
tungsten arrays, calculated using Eq.(2). The MFPs are plot-
ted against Z for a range of electron densities. In general the
MFPs calculated for tungsten arrays were much longer than
those calculated for aluminium arrays, consistent with our
experimental observations. For ne< 10
17 cm3, the tungsten
MFPs are larger than 100 lm over almost the full range of
possible Z (In our earlier analysis of the aluminium data, we
found that a MFP of 100 lm was the longest for which
shock formation was observed). As the electron density of
the plasma increases, the MFP decreases significantly. The
highest electron density observed in the inter-stream regions
of the tungsten arrays, measured at the latest time possible
using our current experimental setup, was ne 1018 cm3.
Our observation of shock-less dynamics in the interferometry
data at this time allows us to infer an upper limit on the pos-
sible ionisation state of the tungsten plasma. Based on our
upper limit of 100 lm for shock formation, we find the
upper limit for the ionisation state to be Z < 6. Even a rela-
tively modest increase in the Z above this level will result in
a significant decrease in the MFP, due to the Z
3
scaling in
Eq. (2). A Z < 6 in a plasma with 1018 cm3 corresponds to
a temperature of Te < 6 eV in the ablation streams, based on
a Saha rate equation solution.
If we assume that the ionisation state in the streams is
at the very least Z > 3, then Fig. 10 suggests that we
might expect shocks to form between the tungsten ablation
streams as the electron density in interwire gaps
approaches ne 1019 cm3. The latest probing time possi-
ble in these experiments was set by the lifetime of the
mirror mounted in the cathode (see Fig. 1). The intensity
of the radiation pulse produced during the collapse of the
precursor column15 was enough to destroy the reflectivity
of this mirror, which led to a practical limit for the prob-
ing time of 140 ns. It is hoped that changes to the exper-
imental hardware may allow us to overcome this limitation
in future experiments, allowing us to take measurements at
later times and higher densities, and perhaps to observe
the onset of collisionality.
FIG. 10. Ion-ion mean free paths (li is ) for collisions of adjacent ablation
streams in a 32 wire tungsten array with varying Z and ne.
FIG. 9. Ion-ion mean free paths for inter-stream collisions of 16 and 32 wire
aluminium arrays as they vary with the electron density of the plasma.
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VI. DISCUSSION OFAZIMUTHAL SMOOTHING
Although no shock structures were observed in the tung-
sten data, we did see a change in the azimuthal structure of
the ablation streams as they approached the axis of the array.
The data in Sec. IV showed that the electron density distribu-
tion in tungsten arrays undergoes a process of azimuthal
smoothing as the streams approach this axis. One could con-
sider the following four possible explanations for this
phenomenon:
First, the apparent azimuthal smoothing of the electron
density profile could be the result of the superposition (over-
lapping) of the individual density profiles corresponding to
each of the ablation streams. This explanation requires that
the ablation streams are entirely non-collisional. These
streams converge radially towards the array axis, while under-
going some degree of thermal expansion. As they approach
the array axis, their separation will decrease, whilst their
width will tend to increase. From an end-on view, at a suffi-
ciently small radius the superposition of the individual profiles
might appear as an azimuthally isotropic distribution.
Second, we might be able to explain this phenomenon
as being the result of medium-scale scattering interactions
between the ablation streams. The onset of this scattering
process could be triggered by some change in the properties
of the plasma as it propagates towards the axis, such as
changes in the temperature and/or ionisation state. While no
shocks are observed in the data, this does not mean that colli-
sional interactions between the ablation streams are com-
pletely absent. Long mean free path interactions could result
in a scattering of the velocity distribution of the ablation
stream, and this in turn could produce the azimuthally
smoothed density profile seen on axis. Since no shock inter-
actions were observed in the experimental data, we should
still expect the mean free paths for the inter-stream interac-
tions to be at least comparable to the widths of the ablation
streams.
The third possible explanation is that some form of mag-
netic effect is responsible. It is possible that the collimation
of the ablation streams observed at large radius is not simply
the result of high Mach numbers in these flows but is also
due to the presence of a magnetic confining force, produced
by current which is advected towards the axis in the ablation
streams. Similar mechanisms have been suggested in order
to explain the apparent ablation stream focusing seen in data
from cylindrical wire array experiments diagnosed using an
axial x-pinch backlighter30 and for the axial confinement of
ablation stream observed in experiments on coiled wire
arrays.31 This magnetic field would provide an additional
force which would act to tamp the thermal expansion of the
streams. As the streams converge on axis, their separation
will decrease, and the current they carry will resistively dif-
fuse outwards. At some point the tamping force will be lost,
allowing the streams to expand thermally, and producing the
observed distribution. It should however be noted that
Thomson scattering measurements have shown that the ion
temperature is quite low (Ti 10 eV) at large radius,17,18
supporting the view that the streams are at least initially
characterised by a high Mach number.
A fourth explanation for the observed smoothing is that
it may be the result of some form of heating of the ablation
streams. Thomson scattering measurements have demon-
strated that at the times relevant to our interferometry
measurements, the ion temperature on axis is very high
(Ti 3-5 keV within 1mm of the axis).17,18 If this heat was
to be transferred into the ablation streams, the increase in the
temperature of the streams could drive increased thermal
expansion, causing the stream to diverge faster. An increased
electron temperature in the streams would also drive an
increase in the average ionisation state of the plasma, which
in turn would lead to a decrease in the collisional mean free
paths, and thus stronger scattering between adjacent streams.
The increased Z of the plasma will however also result in
increased radiative cooling, which may act to limit this
effect.
The observation of azimuthal smoothing in 8 wire arrays
as well as 32 wire arrays suggests that this effect is not the
result of the superposition of non-collisional stream profiles.
The initially narrow profile and low expansion rate of the 8
wire ablation streams, together with the rapid onset of
smoothing, indicate that it must instead be caused by some
form of physical interaction between the streams. This inter-
pretation is further supported by previously published
Thomson scattering measurements in 8 wire experiments,
which showed an absence of the four-peak scattering spec-
trum, which would be expected on axis if the streams were
fully non-collisional.18
As discussed in Sec. IV B, a lower limit for the mean
free path in the smoothing region, ls > 100 lm, can be set
based on the mean free paths calculated for aluminium arrays
in which shock formation was observed (see Sec. VA). For a
mean free path shorter than this, we would expect to observe
the onset of shock formation. Fig. 4(a) shows that the
smoothing region remains shock-less up to at least an elec-
tron density of 1018 cm3. Fig. 10 shows that these parame-
ters imply an upper limit for the average ionisation of the
tungsten plasma of Z < 6. Assuming the smoothing process
is the result of heating, we can calculate the expected tem-
peratures required in the streams. The plasma thermal expan-
sion rate is given by the following expression:
vex ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
v2Ti þ C2s
q
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kTi
mi
þ cZkTe
mi
r
; (4)
where vTi is the ion thermal velocity (the result of ion pres-
sure) and Cs is the ion sound speed (driven by the electron
pressure). For these calculations, we roughly estimated the
effective Mach number (M ¼ vflow=vex) in the smoothing
region as M¼ 2–3 based on the expansion rate seen in the 8
wire data in Fig. 5(a), and we used the estimate for the flow
velocity given in Sec. V (vflow107 cm s1). As the two
terms in the expression for the expansion velocity (Eq. (4))
are independent, we may treat them separately.
Assuming the expansion is dominated by the electron
pressure (vex ! Cs), the equations indicate that the plasma
must have ZTe 1500–3500 eV, which would correspond to a
range of electron temperature Te 260–600 eV ( Z < 6). This
range is very high. Using the Saha rate solution, we get a
062706-9 Swadling et al. Phys. Plasmas 20, 062706 (2013)
corresponding range Z  16–50, clearly inconsistent with our
limit of Z < 6, which as we have already shown corresponds
to an electron temperature of Te< 6 eV.
If instead it is assumed that the expansion rate is domi-
nated by the ion thermal velocity (vex ! vTi ), then the corre-
sponding range of ion temperature required is 2 keV
<Ti< 4.5 keV. Thomson scattering measurements of Ti in
the axial region (r¼ 2–3) of a 32 wire tungsten array have
shown ion temperatures in the range Ti¼ 2–3 keV,17,18 con-
sistent with the above estimate. A high ion temperature
model is also consistent with the dominance of ion-ion colli-
sions that was seen in the mean free path calculations. It is
unlikely that the required ion heating can be explained by
electron-thermal conduction from the axis, as this would
require an electron temperature at least comparable to the ion
temperature. Instead, it could be driven by the soft scattering
of interpenetrating ion flows through the axis. The long mean
free paths in these collisions mean that the ions are capable of
significant penetration into the opposing streams, perhaps
driving early heating. The decreasing mean free path, driven
by increasing density, could potentially explain the observed
decrease with time of the smoothing radius.
Further work is required to properly understand this pro-
cess. In particular, further Thomson scattering measurements
of the velocity distributions both in the streams and on axis
are required. Although previous measurements17,18 have
shown a broad velocity distribution on axis, the scattering
geometries used in these experiments mean that we cannot
distinguish between axial and radial velocity contributions.
This will be rectified in future work, allowing us to discrimi-
nate better between the various explanations proposed here.
VII. CONCLUSIONS
The formation of shock structures in the inter-wire
regions was not observed in any of the tungsten wire array
data collected during these experiments. Instead, the electron
density profiles for the tungsten arrays were smoothly vary-
ing, with no apparent discontinuities. This contrasts with the
data from similar aluminium array experiments,10 where the
electron density profiles were dominated by networks of
oblique shock structures. The only reasonable explanation
for this change in flow dynamics is that the change in wire
material has led to a significant change in the collisional
mean free paths associated with the interactions of the adja-
cent ablation streams. This result is important, as the grid-
based magneto-hydrodynamic codes which are generally
used to simulate wire array experiments treat the plasma as a
fluid and therefore cannot model the effects of long colli-
sional mean free paths.
The mean free paths for the interactions between adja-
cent ablation streams in both aluminium and tungsten arrays
were calculated using Trubnikov’s equations.25 The results
allowed us to explain the changes in collisional dynamics
observed in aluminium wire arrays and to account for the ab-
sence of collisional features in the tungsten wire array data.
Comparisons of the mean free path plots for aluminium and
tungsten allowed us to estimate an upper limit on the Z of
the tungsten ablation stream plasma of Z < 6, corresponding
to an electron temperature of Te 6 eV based on calculations
using the LTE Saha rate solution. This temperature is
slightly lower than that previously been suggested,27 though
perhaps this reflects the inaccuracy of a LTE solution
under these plasma conditions. Thomson scattering measure-
ments17,18 have so far only placed an upper limit on the
stream temperature, so clearly further measurements are
required to explain these observations. The mean free path
calculations indicate that as the electron density in the inter-
stream region increases towards 1019 cm3, we should expect
to observe shock structure formation. It is hoped that we
may see this transition in future experiments.
A modulation between the electron density in the abla-
tion streams and in the inter-wire gaps was observed at large
radius in all the data collected in these experiments; how-
ever, this modulation smoothed out rapidly as the streams
approached the array axis, resulting in an azimuthally iso-
tropic distribution within a certain radius of the axis.
Observations of this process in both 8 and 32 wire arrays
suggest that it is unlikely to simply be the result of the pas-
sive superposition of the density profiles of non-interacting
ablation streams as they converge on axis. We suggested a
number of possible mechanisms that might drive the smooth-
ing process, such as transverse scattering of the streams,
heating of the streams, and loss of magnetic confinement.
The limits placed on the plasma by the absence of shocks
means that if the streams are expanding thermally, then this
expansion must be due to a high ion temperature. Any signif-
icant increase in electron temperature would be likely to trig-
ger shock formation. It should be noted that a high ion
temperature is consistent with previously published
Thomson scattering results,17,18 which show high ion tem-
peratures near the axis, extending over a similar radius to
that over which the smoothing process takes place.
Further work is required in order to properly understand
which of these mechanisms is dominant. In particular, further
Thomson scattering measurements of the transition region are
required in order to separately measure the axial and radial
flow velocity distributions.
The results of these experiments are important as they
demonstrate some of the limitations of the modelling techni-
ques currently used to simulate wire array z-pinches.
Historically, magneto-hydrodynamic techniques have domi-
nated simulation work in the field of wire array z-pinches;
however, long mean free path dynamics cannot be repro-
duced using these approaches. The results presented in this
paper demonstrate that long mean free path effects can be
present in experiments for significant fractions of the experi-
mental time. In order to reproduce the dynamics seen in
these experiments we will need to apply particle-in-cell mod-
eling techniques.
The results of these experiments are also interesting as
they provide us with data about the behaviour of colliding
plasma streams under the conditions of long mean free paths.
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APPENDIX: EQUATIONS USED TO CALCULATE MEAN
FREE PATHS
The equations used to calculate the mean free paths in
this paper were taken from the NRL plasma physics formu-
lary26 and were originally derived by Trubnikov.25 The
“slowing down” frequency, anbs , is defined as follows:
d~va
dt
¼ anbs ~va: (A1)
Here, a and b are labels for the test and scattering particles,
respectively,~va is the initial test particle velocity, and 
anb
s is
the exponential decay rate for ~va due to the collisions of the
a particles and the static field of thermal b particles. It is cal-
culated using the following expression (in CGS):
anbs ¼ 1þ
ma
mb
 
wðxanbÞkab
4pe2ae
2
bnb
m2av
3
a
 !
: (A2)
In this expression ma and mb are the masses of the two
particles, wðxanbÞ is the velocity potential, kab is the coulomb
logarithm, ea and eb are the charges of the two particles, and
nb is the b particle number density. The mean free path for
this process is defined as l
anb
0 ¼~va=anb0 :
l
anb
0 ¼ 1þ
ma
mb
 
wðxanbÞkab
 1 ðma~v2a=2Þ2
pe2ae
2
bnb
: (A3)
This equation shows the basic scalings for l
anb
0 . It is directly
proportional to nb and scales quadratically with ea, eb and
(ma~v
2
a=2) (the a particle kinetic energy).
For the calculations presented in this paper, kab was
found using the expressions in the NRL Plasma Physics
Formulary.26 In some cases, the calculated coulomb loga-
rithm fell below unity. This is not physical and corresponds
to situations where the Debye radius of the plasma becomes
smaller than the minimum impact parameter. In these cases,
the value of the coulomb logarithm was set to unity, which
corresponds to the case where only large angle interactions
are important. In most cases, the coulomb logarithm scales
slowly and so it tends to be less important in terms of under-
standing the basic scalings of the collision length.
The velocity potential, wðxanbÞ, is a normalised factor
equal to the fraction of the b particle population whose speed
is less than j~vaj. Contributions to vanbs from interactions with
b particles travelling at speeds greater than j~vaj cancel out,
as these collisions act both to increase and decrease ~va . It is
calculated by integrating over the Maxwell speed distribu-
tion function from 0 to va. The equations given in the litera-
ture25,26 are
wðxanbÞ ¼ 2ﬃﬃﬃ
p
p
ðxanb
0
dtt
1
2et; (A4)
xanb ¼ mbv
2
a
2kTb
: (A5)
Alternatively, these expressions may be rearranged into a
more familiar form
wðva;mb; TbÞ ¼ 4p mb
2pkTb
 3
2
ðva
0
v2be

mbv
2
b
2kTb dvb: (A6)
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